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Boca, an Endoplasmic Reticulum Protein Required
for Wingless Signaling and Trafficking of
LDL Receptor Family Members in Drosophila
evolutionarily ancient. The best-studied and founding
member of this family is the human low-density lipopro-
tein (LDL) receptor, which is responsible for the cellular
uptake of cholesterol-containing LDLs via coated pit-
mediated endocytosis (Brown and Goldstein, 1986).
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a broad spectrum of ligands, including proteases andHHSC 1104
protease inhibitor complexes, Apolipoproteins B andNew York, New York 10032
E, vitellogenins (yolk proteins), and Reelin, a protein
secreted by a subset of neurons in the mammalian brain.
LDLR family members are also required for cell-cell sig-Summary
naling by Wnts/Wingless (Wg), secreted proteins that
control many aspects of animal development (Pinson etThe maturation of cell surface receptors through the
al., 2000; Tamai et al., 2000; Wehrli et al., 2000). Consis-secretory pathway often requires chaperones that aid
tent with this diversity of ligands, LDLRs are utilized inin protein folding and trafficking from one organelle
many biological processes, including cholesterol ho-to another. Here we describe boca, an evolutionarily
meostasis, neuronal migration, and pattern formationconserved gene in Drosophila melanogaster, which
during development. Consequently, variant LDLRs orencodes an endoplasmic reticulum protein that is spe-
their ligands can contribute to hypercholesterolemia,cifically required for the intracellular trafficking of
atherosclerosis, and developmental and neurodegener-members of the low-density lipoprotein family of re-
ative disorders such as Alzheimer’s disease.ceptors (LDLRs). Two LDLRs in flies, Arrow, which is
LDLR family members have multiple copies of threerequired for Wingless signal transduction, and Yolk-
different protein motifs, a cysteine-rich ligand bindingless, which is required for yolk protein uptake during
domain (also called complement-type or LDL-A re-oogenesis, both require boca function. Consequently,
peats), an 50 residue repeat that usually includes theboca is an essential component of the Wingless path-
peptide YWTD (also called LDL-B repeats), and an epi-way but is more generally required for the activities
dermal growth factor (EGF) module (Howell and Herz,of multiple LDL receptor family members.
2001). The number and arrangement of these motifs can
vary dramatically between family members. In Drosoph-Introduction
ila melanogaster, there are seven LDLR family members
predicted from the genome sequence, but only two ofCell surface receptors are proteins that communicate
these have been genetically characterized (Adams etsignals from the extracellular environment to the inside
al., 2000). One, the product of the yolkless (yl) gene,of cells. Perhaps because of the central role they play
is required for vitellogenin (yolk protein) uptake duringin signal transduction, these molecules are regulated by
oogenesis (Schonbaum et al., 1995, 2000). Females thata diverse array of mechanisms. Both transcriptional and
are mutant for the yl gene are sterile and lay eggs withposttranscriptional mechanisms are known to affect re-
very little yolk proteins. A second LDLR family memberceptor levels and activities. For example, for some re-
in flies, the product of the arrow (arr) gene, encodesceptors to become active they must be processed by
one of two required coreceptors that transduce the Wgspecific proteases (e.g., Fortini, 2002). Other receptors
signal across the cellular membrane (Wehrli et al., 2000).
are assisted by folding chaperones or factors that escort
Two receptors with a high degree of similarity to Arrow,
them through the secretory pathway (Baker et al., 1994;
called LDL receptor-related protein (LRP) 5 and LRP6,
Grandea and Van Kaer, 2001). Receptor subcellular lo- are required for Wnt signal transduction in vertebrates
calization, including their targeting to specialized re- (Pinson et al., 2000; Tamai et al., 2000).
gions of the cell membrane, may also be regulated (e.g., Like most transmembrane and secreted proteins,
Ostrom, 2002). Finally, the control of receptor endocyto- LDLR family members traffic from the ER and through
sis and degradation provides another potential focus of the Golgi apparatus on their way to the cell membrane.
regulation for these proteins (Sorkin and Von Zastrow, Apart from a protein called RAP that assists in the matu-
2002). ration of a subset of mammalian LDLRs (Bu, 2001), little
Here, we describe a novel but evolutionarily con- is known about how this receptor family traffics to the
served endoplasmic reticulum (ER) protein in Drosophila cell membrane. We show here that boca is essential
melanogaster called Boca that appears to be specifi- for viability in Drosophila and that it is required for the
cally required for the trafficking of one family of cell trafficking and membrane localization of at least three
surface receptors, the low-density lipoprotein receptor LDLR family members, including Yolkless and Arrow.
(LDLR) family. Members of the LDLR family carry out a Consistent with Arrow’s requirement for Wg signal trans-
wide range of biological functions (Howell and Herz, duction, boca is an essential component of the Wg sig-
2001). This protein family is present throughout the ani- naling pathway. In addition, mothers with boca mutant
mal phylum, from hydra to man, suggesting that it is germlines lay eggs that have a yl phenotype. Interest-
ingly, boca does not appear to be required for the traf-
ficking of other types of receptors, suggesting that it is*Correspondence: rsm10@columbia.edu
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activity (Figure 2A). Boca is concentrated apically in
polarized cells, such as embryonic blastoderm cells (Fig-
ure 2B). In addition, Boca colocalizes with an ER marker
protein but shows no overlap with a Golgi marker or
with filamentous actin (F actin) as detected by phalloidin
staining (Figures 2D–2G).
boca Is an Essential Component of the Wg Pathway
We initially characterized a potential role for boca during
Drosophila development by injecting double-stranded
boca RNA into embryos. Strikingly, nearly all of the adult
survivors had no or a greatly reduced proboscis (Figure
2C), prompting us to name this gene boca. This pheno-
type is also observed in some wg mutant flies, such
as wgCX3 homozygotes (data not shown) (Baker, 1988).
Aside from this phenotype, flies that survived the RNAi
injection appear normal. To further characterize boca’s
role in development, we searched for a loss-of-function
mutation in boca. boca maps to cytological position 43E,
a region where several lethal complementation groups
have previously been defined (Heitzler et al., 1993). We
sequenced the boca gene amplified and cloned from
representative alleles for these complementation groups
and found that one, l(2)43Ea, contained a mutation pre-
dicted to change Trp49, a residue that is conserved in
all known Boca homologs, into an Arg (Figure 1). To
Figure 1. boca Encodes a Highly Conserved Protein demonstrate that l(2)43Ea is a mutation in boca, we
(A) Comparison of the predicted sequences of Boca homologs from rescued the lethality of this mutation by ubiquitously
Drosophila, Anopheles, humans, mouse (Mesd; Hsieh et al., 2003 expressing a boca cDNA using the Gal4 method (actin-
[this issue of Cell]), and nematodes. Trp49, which is mutated in the
Gal4; UAS-boca). Therefore, l(2)43Ea is boca and weboca1 allele, is indicated with the green arrow. The ER retention
refer to the allele containing the Trp49 to Arg mutationsequence, KDEL, is boxed in the fly homolog. The predicted cleav-
as boca1. Because the lethality of boca1 is rescued byage site for the signal peptides is indicated by green bars.
(B) Boca protein summary. The putative signal peptide, the mutation the expression of a wild-type boca cDNA, this mutation
in boca1, and the ER retention sequence are indicated. is likely to be a loss-of-function mutation.
We analyzed homozygous clones of the boca1 muta-
tion in adults and imaginal discs. All of the phenotypes
dedicated to the LDLR family. Thus, boca is an unusual generated in this way suggest that boca1 cells are unable
type of chaperone because it is specifically required for to transduce a signal in the Wg pathway. In adults, boca1
the maturation of one family of receptors, even though clones result in a cell-autonomous loss of sensory bris-
these receptors carry out many diverse functions in tles along the wing margin and a non-autonomous in-
biology. duction of wing margin bristles adjacent to the clone
(Figure 3A). Ectopic eyes in the dorsal head, leg duplica-
tions, and a loss of dorsocentral bristles in the thoraxResults
are also associated with boca1 clones (Figures 3B–3C
and data not shown). boca1 homozygous clones in wingboca Structure and Expression
boca was initially isolated in a combined yeast two- imaginal discs show a cell-autonomous loss of expres-
sion of the Wg target genes Distalless (Dll) and vestigialhybrid and double-stranded RNA interference (RNAi)
screen to search for novel developmental phenotypes (vg) (Figures 3G–3H). boca1 clones close to the dorso-
ventral (D/V) boundary also show a small increase inin Drosophila (Experimental Procedures). The sequence
of a boca cDNA predicts a protein of 180 amino acids Wg immunoreactivity (Figure 3F). Because all of these
phenotypes are observed when the Wg signaling path-(Figure 1). The putative Boca protein shares45% iden-
tity/65%–85% similarity with open reading frames pre- way is blocked, these results suggest that boca is also
required for Wg signal transduction (Brunner et al., 1997;dicted in nematode, mouse (called mesoderm develop-
ment (mesd); Hsieh et al., 2003 [this issue of Cell]), and Chen and Struhl, 1999; Couso et al., 1994; Neumann
and Cohen, 1997; Peifer et al., 1991; Phillips and Whittle,human genomes, suggesting that Boca has a conserved
function in metazoans (Figure 1). The only recognizable 1993; Rulifson et al., 1996; Zecca et al., 1996).
Although the boca1 mutation is lethal, boca1 homozy-motifs in Boca are a putative N-terminal signal sequence
and a C-terminal ER retention sequence, KDEL (Pelham, gous animals survive to pupae, suggesting that mater-
nally expressed boca is sufficient for embryonic and1990). Consistent with the presence of KDEL, an anti-
body raised against Boca detects a ubiquitously ex- larval development or, perhaps, that the boca1 allele
retains some function. In either case, the imaginal discspressed cytoplasmic protein (Figures 2A and 2B). This
antibody is specific for Boca because expressing dou- isolated from boca1/boca1 larvae also suggest that these
animals suffer from a severe defect in Wg signaling.ble-stranded boca RNA eliminates nearly all immunore-
Boca, an LDLR Folding Chaperone
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Figure 2. Boca Is a Ubiquitously Expressed
ER Protein
(A) A wing imaginal disc in which boca dsRNA
has been expressed with the patched-Gal4
driver line, stained with anti-Boca antibody.
All cells show cytoplasmic staining except for
those expressing the dsRNA, demonstrating
the specificity of the antibody. Inset, a higher
magnification view of cytoplasmic staining in
wing disc cells.
(B) A wild-type blastoderm embryo stained
for Boca. Inset, several cells at high magnifi-
cation. Boca immunostaining is cytoplasmic
and concentrated apically.
(C) Mouthparts from a wild-type (wt) fly and
from a fly in which boca dsRNA had been
injected during embryogenesis. The probos-
cis, indicated by the bracket in the wt, is ab-
sent in the boca RNAi-injected fly. The maxil-
lary palps (mp) and labrum (*) are unaffected.
(D) Larval garland cells stained for Boca (blue)
and an ER marker (red). The two signals are
coincident.
(E) S2 cells stained for Boca (blue) and an
ER marker (red). The two signals are mostly
coincident.
(F) Garland cells stained for Boca (blue) and a Golgi marker (red). No overlap is observed.
(G) S2 cells stained for Boca (blue) and F actin (red), which is a marker for the cell membrane-associated cytoskeleton in these cells. No
overlap is observed.
boca1/boca1 wing discs have no wing pouch and have boca Is Required for the Trafficking of Arrow
through the Secretory Pathwaya mirror image duplication of the presumptive notum
and hinge regions (Figure 3D), a phenotype that is also Wg requires two classes of transmembrane receptors,
Arrow (Arr), a member of the LDLR family, and eitherobserved in wg1/wg1 flies (Deak, 1978). boca1/boca1 leg
discs are comprised entirely of cells with a proximal Frizzled (Fz) or Frizzled-2 (Fz2), two redundant members
of the Fz family of serpentine receptors (Bhanot et al.,identity (Figure 3D), a phenotype that is expected from
Wg’s essential role in generating the proximo-distal axis 1999; Bhat, 1998; Chen and Struhl, 1999; Wehrli et al.,
2000). Both the ER localization of Boca and the epistasisin the leg (Lecuit and Cohen, 1997). Similar imaginal
disc phenotypes have been described for legless and experiments suggest a potential role for Boca in the
processing and/or transport of one of these receptors.pygopus, which are also essential components of the
Wg pathway (Kramps et al., 2002). The small disc pheno- boca1 clones have normal planar polarity, suggesting
that Fz, which is required for planar polarity in flies (Shul-type seen in boca1 homozygotes is also observed when
the boca1 allele is in trans to a deficiency, suggesting man et al., 1998), is active in boca1 cells. To test if boca
is required for the membrane localization of Fz2 or Arr,that the boca1 mutation may be close to a null allele.
Finally, although viable, boca1/boca1; actin-Gal4, UAS- we characterized the localization of epitope-tagged ver-
sions of these proteins in Drosophila S2 cells, whichboca females are sterile. Although most embryos de-
rived from these females die early in embryogenesis, normally express boca. In wild-type S2 cells, expression
of a flu-tagged full-length Arrow protein (Arr-flu) is ob-escapers that complete embryogenesis have a “lawn of
denticles” phenotype, also consistent with a defect in served on the plasma membrane and in cytoplasmic
speckles, some of which colocalize with a marker forWg signaling (Figure 3E) (Nusslein-Volhard and Wie-
schaus, 1980). the Golgi apparatus (Figure 5A). A similar pattern is ob-
served for flu-tagged full-length Fz2 (Fz2-flu) expressedWe carried out two epistasis experiments to deter-
mine where boca functions in the Wg pathway. Ectopic in S2 cells (Figure 5B and data not shown). To test if
boca plays a role in the subcellular localization of theseexpression of Wg activates Wg target genes, such as
Dll, both within and adjacent to the Wg-expressing cells proteins, we used RNAi to reduce Boca levels in S2
cells. Incubating S2 cells with boca dsRNA reduced the(Neumann and Cohen, 1997; Zecca et al., 1996). If the
Wg-expressing cells are also mutant for boca, Dll is not levels of Boca to below detection by both immunoblot
analysis and by immunofluorescence (Figures 5B andactivated in the boca1 cells but is still activated in the
adjacent boca cells (Figure 4A). In contrast, boca1 cells 7A). In these boca S2 cells, the localization of Fz2-flu
was the same as in mock-treated wild-type S2 cellsexpress Dll in response to an activated form of Armadillo
(flu-arm), a more downstream component of the path- (Figures 5B and 5C). In contrast, Arr-flu was no longer
detected at the cell membrane or in cytoplasmic speck-way (Figure 4B). These results place boca downstream
of Wg, but upstream of Arm. They also demonstrate that les in boca S2 cells. Instead, Arr-flu was distributed
more evenly throughout the cytoplasm in these cellsalthough boca1 cells cannot transduce the Wg signal,
they are able to express and secrete an active form (Figures 5B and 5C). Costaining with an ER marker indi-
cates that Arr-flu accumulates in the ER in the absenceof Wg.
Cell
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Figure 3. boca Is an Essential Component of the Wg Pathway
(A) A boca1 clone, outlined in blue, at the wing margin. The clone is marked with forked. Note that wing margin bristles are absent in the clone
but are found next to the clone in wild-type tissue (arrows).
(B) A boca1 clone in the notum, marked with forked and outlined in blue, showing the loss of a dorsocentral bristle. Arrows point to the extant
dorsocentral bristles.
(C) An ectopic eye formed in association with a boca1 clone. forked bristles are observed next to the ectopic eye (arrow).
(D) Wing (W), leg (L), and haltere (H) imaginal discs isolated from boca1 homozygous larvae, stained for Homothorax (Hth; blue) and Wg (red).
The wing disc has no wing pouch but instead a mirror duplication of the notum (n) and hinge regions. An analogous phenotype is observed
in the haltere disc. The leg disc is comprised entirely of proximal (Hth-expressing) cells, consistent with Wg’s role in generating the proximo-
distal axis.
(E) Embryonic cuticles from wild-type (top) and boca1/boca1; actin-Gal4, UAS-boca (bottom) mothers. Due to other problems in oogenesis
(see below), most embryos from these rescued mothers fail to secrete a cuticle but those that do exhibit a lawn of denticles phenotype, which
is typical for Wg pathway mutants.
(F) Wing imaginal disc with boca1 clones (marked by the absence of green), stained for Wg (purple). Note that Wg levels are slightly increased
in clones close to the dorsoventral compartment boundary (arrowheads).
(G and H) Wing imaginal discs with boca1 clones (marked by the absence of green) stained for Dll (G) or Vg (H). The expression of both Wg
target genes is lost within the clones, but a slight increase in staining is observed immediately adjacent to the clones (arrowheads). Note that
Vg staining is not completely lost at the dorsoventral boundary because of independent activation of this gene by the Notch pathway (asterisk)
(Kim et al., 1996).
of Boca (Figure 5C). The patterns of the ER and Golgi the Golgi marker (Figures 4C and 4D). Together with the
S2 experiments, these results suggest that when bocamarkers appeared normal in boca S2 cells, suggesting
that these organelles are still intact in these cells (Figure function is reduced, the intracellular transport of Arrow
to the cell membrane is impaired. In vivo, this block in5C and data not shown).
We also examined the effect of the boca1 mutation on transport apparently results in a reduction in the levels
of the Arr-flu protein. Because of Arrow’s obligate rolethe subcellular localization of an epitope-tagged Arrow
protein (Arrow-flu) expressed in imaginal discs using the in the Wg pathway, the Boca-dependent trafficking of
Arrow through the secretory pathway is consistent withGal4 method. In boca1 clones, the amount of Arr-flu
appears to be reduced as compared to the levels in the requirement for boca in Wg signal transduction.
The boca-dependent cell surface localization of Arr-boca cells (Figures 4C and 4D). Because Arr-flu is ex-
pressed via the Gal4 method in this experiment, the flu was also confirmed by surface biotinylation experi-
ments in S2 cells. In these experiments, we comparedreduction in Arr-flu protein levels is likely to be posttran-
scriptional. In addition, in wild-type imaginal disc cells, the amount of biotinylated Fz2-flu and Arr-flu in wild-
type and boca S2 cells. Consistent with the immunolo-Arr-flu is concentrated at the apical cell membrane and
is present in cytoplasmic speckles, some of which colo- calization studies, we found that in wild-type S2 cells
Arr-flu was present both at the cell surface (accessiblecalize with a Golgi marker. In contrast, in boca1 mutant
cells Arr-flu appears to be more evenly distributed to biotinylation) and within the cells (inaccessible to bio-
tinylation) whereas in boca S2 cells very little Arr-fluthroughout the cytoplasm and no longer colocalizes with
Boca, an LDLR Folding Chaperone
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Figure 4. boca Function Is Required Down-
stream of Wg but Upstream of Arm
(A) A wing imaginal disc, stained for Dll (pur-
ple), containing boca1 clones that also ex-
press Wg (green) via the Gal4 method. Wg is
unable to activate Dll in boca1 cells (ar-
rowhead).
(B) A wing imaginal disc, stained for Dll (pur-
ple), containing boca1 clones that also ex-
press an activated from of Arm (flu-arm;
green) via the Gal4 method. flu-arm is able
to induce Dll in boca1 cells (arrowhead). The
clones that do not activate Dll are in the peri-
podial epithelium or lie outside the wing
pouch.
(C and D) Imaginal discs, stained for Arr-flu
(red; expressed via tubulin-Gal4), containing
boca1 clones (marked by the absence of GFP
[green]). These discs were also stained for
the Golgi marker (blue). The clone boundaries
are outlined by the white lines. The levels of
Arr-flu are lower and more diffuse in boca1
cells as compared to boca cells. In wild-
type cells, Arr-flu is observed in cytoplasmic
speckles, some of which colocalize with the
Golgi marker (arrows), and is concentrated at
the apical membrane (arrowhead in D). (C)
shows a subapical view of a clone in a wing
disc and (D) shows a cross-section view of a
similar clone. Apical is up in (D).
could be biotinylated (Figure 5D). In contrast, Fz2-flu flu prompted us to examine additional members of the
LDLR family. The founding member of this family is thewas found in both compartments in both wild-type and
boca S2 cells (Figure 5D). human LDL receptor (hLDLR). Compared to Yl and Arr,
hLDLR has a very different arrangement of LDL-A, -B,
and EGF motifs (Howell and Herz, 2001). In Drosophila,boca Is Generally Required for the Trafficking
there are two adjacent genes (CG31094 and CG31092)of LDLR Family Members
that are predicted to encode proteins that have a similarBesides arrow, only one other LDLR, yolkless (yl), has
structure to hLDLR (Supplemental Figure S1, availablebeen genetically characterized in Drosophila. yl is re-
at http://www.cell.com/cgi/content/full/112/3/343/DC1).quired maternally during oogenesis for the uptake of the
Because of their similarity (70%) to receptors in othervitellogenins or yolk proteins into the oocyte (Schon-
insects that mediate the uptake of the lipid-transportbaum et al., 1995). yl mothers lay eggs that appear flac-
protein lipophorin (Cheon et al., 2001; Dantuma et al.,cid because of a lack of yolk granules incorporated into
1999), they are putative lipophorin receptors (LpR) andmaturing oocytes. Strikingly, mosaic females with boca1
we refer to them as LpR1 and LpR2, respectively. Wegermlines lay eggs that have a yolkless phenotype, in-
epitope-tagged both LpR2 and hLDLR and analyzedcluding lower levels of vitellogenins (Figures 6A–6C).
their localization in wild-type and boca Drosophila S2Immunoblotting with an anti-Yl antibody suggests that
cells. As with Arr-flu, LpR2-flu and hLDLR-flu were ob-there is less Yl protein in boca1 egg chambers than in
served in cytoplasmic speckles and at the cell mem-wild-type egg chambers (Figure 6D). In wild-type stage
brane in wild-type S2 cells (Figure 5B). In boca S28 egg chambers, Boca is present at high levels in follicle
cells, LpR2-flu and hLDLR-flu were not observed at thecells and in the oocyte, consistent with it playing a role
membrane or in speckles. Instead, these receptors werein the transport of Yolkless to the oocyte cell membrane
more uniformly distributed throughout the cytoplasm(Figure 6E). In older (stage 10) egg chambers, Yolkless
and colocalized in part with an ER marker (Figures 5Bimmunostaining is coincident with the cell membrane in
and 5C). Based on these results, we conclude that Bocawild-type oocytes but not in boca1 oocytes (Figures 6F
is required for the intracellular trafficking of several di-and 6G). Instead, both Yl and Boca are observed next
vergent members of the LDLR family.to the oocyte cell membrane in boca1 oocytes. Because
Boca is itself a marker for the ER, these results suggest
that Yl does not exit the ER in boca1 oocytes. Thus, boca Is Required for the Structural Integrity
of LDLR Family Memberswe conclude that boca is required for the membrane
localization, stability, and function of Yl during oo- The block in trafficking of LDLRs in the absence of Boca
function could be caused by a defect in the folding ofgenesis.
The Boca-dependent trafficking of both Yl and Arr- these receptors. One way to assay for a problem in
Cell
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Figure 5. boca Is Required for the Membrane
Localization of Arrow and Human LDL Re-
ceptor
(A–C) show S2 cells transfected and stained
as indicated.
(A) Wild-type (Boca) S2 cells stained for Arr-
flu and a Golgi marker. Arr-flu is observed in
two different types of cytoplasmic speckles,
one that colocalizes with the Golgi marker
(arrowheads) and one that does not (open
arrow). Some of the Arr-flu is also observed
at the cell membrane.
(B) Wild-type (wt) or boca RNAi treated S2
cells in which Arr-flu, Fz2-flu, LpR2-flu, or the
human LDL receptor (hLDLR) has been ex-
pressed and stained for the flu epitope
(green), F actin (red), and Boca (blue). Note
the absence of Boca immunoreactivity in the
RNAi-treated cells. In wild-type S2 cells, all
four receptors are observed at the cell mem-
brane (arrowheads) and in cytoplasmic
speckles. In the RNAi-treated cells, Arr, LpR2,
and hLDLR are not observed at the cell mem-
brane or in speckles but instead are observed
throughout the cytoplasm. Fz2 localization is
the same in wild-type and boca RNAi-treated
cells. F actin staining is a marker for the cell
membrane-associated cytoskeleton.
(C) boca RNAi-treated S2 cells doubly stained
for an ER marker (purple) and either Arr-flu,
Fz2-flu, LpR2-flu, or hLDLR-flu (green). The
ER marker staining appears normal. Arr-flu
and hLDLR-flu are no longer observed in
speckles and overlap with the ER marker
(arrows). Fz2-flu remains in a speckled
pattern.
(D) Cell surface biotinylation experiment. In-
tact wt or boca S2 cells expressing either
Arr-flu (top image) or Fz2-flu (bottom image)
were biotinylated. Total cell proteins (T), pro-
teins pelleted by streptavidin-conjugated
beads (P), and the supernatant fractions (S)
were run on SDS-PAGE gels and immu-
noblotted to detect the flu-tagged proteins.
Protein size markers are indicated on the left.
Boca, an LDLR Folding Chaperone
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Figure 6. boca Is Required for Yolkless Mem-
brane Localization and Function
(A and B) Wild-type eggs are oval shaped (A;
wt) and are packed with yolk granules (B; wt;
arrows) whereas eggs derived from boca1
germlines are collapsed (A; boca1) and have
few yolk granules (B; boca1).
(C) A Coomassie stained gel following SDS-
PAGE in which extracts from wild-type (wt)
or boca1 dissected stage 14 egg chambers
are compared. boca1 eggs contain less vitel-
logenins, which in the wild-type are very
abundant 40–45 kDa proteins (arrows).
(D) An immunoblot of equivalent amounts of
wild-type or boca1 egg chamber extracts
stained for Yl. Less Yl is observed in the mu-
tant. Below the immunoblot is a portion of
the same gel stained for total proteins to
show that equivalent amounts of wild-type
and boca1 extracts were loaded.
(E) A wild-type stage 8 egg chamber stained
for Boca (blue), an ER marker (red), and Yl
(green). The follicle cells (f), nurse cells (n),
and oocyte (o) are labeled. All three proteins
are observed in the oocyte (o).
(F and G) Wild-type (wt; F) and boca1 (G) stage
10 egg chambers stained for Boca (blue), F
actin (red), and Yl (green). The leftmost im-
ages show the entire egg chambers and the
regions indicated by the white boxes are
shown at higher magnification in the re-
maining images. The two parallel stripes of F
actin staining correspond to the basal follicle
(f) and oocyte (o) cell membranes; the oocyte
membrane is indicated with the arrows. In wt,
Yl staining is coincident with the oocyte cell membrane. In the mutant, Yl staining is observed diffusely throughout the oocyte, but is present
at higher amounts next to the oocyte membrane. At this stage of oogenesis, Boca is also observed next to the oocyte membrane in both the
wt and mutant (*).
protein folding is to determine if Arr or Yl exhibit incorrect receptor family members in flies, Yl, and Arrow. This
disulfide bonds in the absence of Boca. To test if this conclusion is based on obtaining both yl and arr loss-of-
is the case for Arr, we expressed Arr-flu in wild-type function phenotypes in boca mutant flies. Specifically,
and boca S2 cells and examined the protein by SDS- using clonal analysis in imaginal discs, we found that
PAGE followed by immunoblotting with an anti-flu anti- boca mutant cells are unable to transduce a Wg signal.
body. Strikingly, we observe higher molecular weight Epistasis experiments with other components of the Wg
forms of Arr-flu in the absence of Boca (Figure 7A). pathway demonstrated that boca function is required
These higher molecular weight species are not observed downstream of Wg and upstream of arm. Together with
when these extracts are incubated with the disulfide the observation that boca encodes an ER protein, these
bond reducing agent, dithiothreitol (DTT). In contrast, experiments suggested that the defect in Wg signaling
the absence of Boca did not effect the migration of Fz2- is due to a block in the maturation or processing of one
flu in either the presence or absence of DTT (Figure 7B). of the two Wg coreceptors, Fz/Fz2 or Arr. In addition,
We also compared Yl from wild-type versus boca1 egg however, females with boca mutant germlines are sterile
chambers. As described above, when similar amounts and lay eggs that have a yolkless phenotype. This phe-
of egg chambers were used to prepare extracts, we notype is also observed when the vitellogenin receptor,
found that the levels of Yl were lower in the boca1 mutant
encoded by the yl gene, is nonfunctional. As both yl and
(Figure 6D). However, when we loaded higher amounts
arr encode members of the LDL receptor family in flies,of boca1 extracts we found that a portion of Yl, like Arr-
these results suggest that the maturation of this receptorflu, also migrated as higher molecular weight species.
family is specifically impaired in the boca mutant. InAs with Arr-flu, these slower migrating species were
agreement with this suggestion, we found that the traf-only observed in the absence of DTT (Figure 7C). These
ficking through the secretory pathway of Arr, Yl, theresults suggest that Boca is required for both Yl and Arr
human LDL receptor, and a putative Drosophila lipopho-to form the correct disulfide bonds, perhaps because
rin receptor (LpR2), but not Fz2, requires Boca. Thus,these proteins are misfolded.
boca is an essential component of the Wg signaling
pathway but, in addition, is more broadly required forDiscussion
the trafficking of multiple LDL receptor family members
in Drosophila.boca Is Required for the Trafficking of Multiple
Interestingly, boca is required for the trafficking of Yl,LDL Receptor Family Members
Arr, LpR2, and the human LDL receptor, which are fourBased on the findings reported here, we suggest that
boca is required for the activities of at least two LDL dissimilar members of this receptor family. In addition
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Potential Functions of Boca
What might Boca be doing to assist in the maturation
of these receptors? Our results provide some clues to
this question. First, from its sequence, Boca is predicted
to be a luminal ER protein and immunostaining experi-
ments support this prediction. Specifically, in wild-type
cells Boca colocalizes with an ER marker and shows no
overlap with a marker for the Golgi apparatus. Second,
immunofluorescence studies in both S2 cells and imagi-
nal discs suggest that Boca is required for the trafficking
of LDLRs through the secretory pathway. These recep-
tors appear to remain in the ER in the absence of Boca
function. The boca-dependent cell surface localization
of Arr-flu was confirmed by surface biotinylation experi-
ments in S2 cells. Taken together, these results suggest
that Boca is required for the transport of LDL receptor
family members from the ER to the Golgi apparatus.
According to this view, boca is analogous to Star, which
is required for the transport from the ER to the Golgi of
Spitz, a ligand for the epidermal growth factor receptor
in Drosophila (Lee et al., 2001). Similarly, during dorso-
ventral patterning of the Drosophila embryo, the ER pro-
tein Windbeutel is required for the transport of Pipe, a
sulfotransferase, from the ER to the Golgi (Konsolaki
and Schupbach, 1998; Sen et al., 2000).
A third observation described here is that incorrect
disulfide bonds form in both Arr-flu and Yl when Boca
activity is compromised. Incorrect disulfide bond forma-
tion suggests a defect in protein folding. Thus, although
its precise biochemical activity is not known, our results
are consistent with the idea that Boca is a molecular
chaperone that assists in the folding of LDL receptor
family members in the ER. Consistent with this idea,Figure 7. boca Is Required for the Structural Integrity of LDLR Fam-
the murine homolog of Boca, Mesd, is able to weaklyily Members
interact with LRP5 and LRP6 in immunoprecipitationAll images show immunoblots of SDS-PAGE gels to detect Arr-flu
experiments, suggesting that Mesd/Boca may be in a(A), Fz2-flu (B), or Yl (C).
complex with LDLRs (Hsieh et al., 2003 [this issue of(A and B) Comparison of Arr-flu (A) and Fz2-flu (B) expressed in
wild-type (wt) or boca RNAi-treated S2 cells (boca). Equivalent Cell]). In addition, when proteins are misfolded during
amounts of extracts were loaded. After extracts were prepared, half their progression through the secretory pathway, a qual-
was incubated with DTT to reduce the disulfide bonds. Additional, ity control system blocks their exit from the ER and
slower migrating bands are observed for Arr-flu, but not Fz2-flu, in targets them for degradation (Ellgaard et al., 1999). Our
boca S2 cells in the absence, but not the presence, of DTT (arrows).
results are consistent with both of these responses. InThe small images below are immunoblots of the same extracts
S2 cells, Arr-flu, LpR2, and human LDLR accumulate inprobed with anti-Boca antibody demonstrating that the RNAi treat-
the ER in the absence of Boca, while in vivo Arr-flu andment reduced Boca levels to below detection.
(C) Comparison of extracts obtained from wild-type (wt) and boca1 Yl are present at lower levels and mislocalized in the
egg chambers. As seen in the Coomassie stained gel (small image boca1 mutant.
at bottom), 4 more of the boca1 extract was loaded compared Although they share some similarities, Boca is distinct
to the amount of wild-type extract. Additional slower migrating
from another ER protein, receptor associated proteinbands are observed in the boca1 mutant in the absence of DTT
(RAP), that assists in the trafficking of a subset of LDL(arrows).
receptor family members in mammalian cells (Bu, 2001).
RAP binds tightly to low-density lipoprotein receptor-
to yl, arr, and the two LpR genes, there are three other related protein (LRP) and blocks its ability to bind and
LDLR family members predicted in the Drosophila ge- endocytose ligands. In contrast, Boca does not bind
nome (Adams et al., 2000). Based on our results, it seems with high affinity to Arrow (data not shown). Thus, if
plausible that boca is also required for the trafficking of Boca helps LDLRs to fold, it may preferentially interact
these other LDL receptor family members in flies. The with nascent or unfolded proteins as they are translated
functions mediated by these receptors are currently not or, alternatively, may interact with LDLRs indirectly. An-
known and may not have been detected by our experi- other potential difference between RAP and Boca is that
ments. For example, our experiments would not have RAP is specifically required for the function of LRP, but
identified a defect in neuronal migration or lipid homeo- not other LDLRs. In contrast, Boca is required for the
stasis. Additional experiments will therefore be required trafficking of several divergent members of this family
to determine if Boca plays a role in other biological in flies. Boca and RAP are also unrelated proteins and
processes and to definitively assess if Boca is required the Drosophila genome sequence predicts the existence
of an uncharacterized RAP homolog (Adams et al.,for the maturation of all LDLR family members in flies.
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2000). Finally, RAP knockout mice are viable and have fail to form a primitive streak and, consistent with our
results, appear to have a defect in Wnt signaling (Hsiehonly reduced amounts of functional LRP whereas boca
is essential for viability in the fly (Van Uden et al., 1999; et al., 2003 [this issue of Cell]).
In summary, boca encodes an evolutionarily con-Willnow et al., 1995). As in flies, the mouse homolog of
boca is also essential for viability (Hsieh et al., 2003 [this served ER protein that is required for the trafficking and,
therefore, activity of both Arr and Yl in Drosophila. Weissue of Cell]; see below). Thus, Boca appears to play
a more essential and general role in the trafficking of postulate that boca is a molecular chaperone that is
specifically dedicated to assist in the folding, trafficking,LDLRs than RAP. In the future, it will be important to
define a more precise biochemical function for Boca and quality control of the LDLR family.
and to determine if RAP and Boca function together
Experimental Proceduresin the trafficking of a subset of LDL receptor family
members.
Isolation of boca
A partial boca cDNA was isolated in a yeast two-hybrid screen using
Specificity of Boca an N-terminal fragment of the homeodomain protein Homothorax
as bait. Double-stranded RNA corresponding to each putative two-The phenotypes we observe in boca mutants indicate
hybrid positive was injected into blastoderm embryos. Althoughthat Boca is specifically required to transduce the Wg
further two-hybrid analysis and GST-pulldown experiments suggestsignal and for Yl function during oogenesis. We did not
that these proteins do not directly interact with each other, bocaobserve any phenotypes that would indicate a defect in
was singled out for further study because of the missing proboscis
the other major developmental signaling pathways in phenotype following dsRNA injection.
flies, including the Hedgehog, Decapentaplegic, Epider-
mal Growth Factor, and Fibroblast Growth Factor path- Drosophila Stocks and Phenotypic Analysis
The boca1 allele l(2)43Ea (Heitzler et al., 1993) was recombined withways. These genetic experiments suggest that Boca is
FRT2R-G13 (Chou and Perrimon, 1996). The boca1 mutation was iso-specifically required for the activities of LDLR family
lated from other lethal mutations by maintaining it over a wild-typemembers. It is unusual for a chaperone to be specifically
chromosome in females for five generations. The deficiency that
required for several divergent members of a single fam- uncovers boca is Df(2R)Drl-rv15 (Heitzler et al., 1993). The UAS-
ily. Some chaperones, such as BiP or Hsp90, are gener- boca, UAS-RNAi-boca, and UAS-Arr-flu stocks were generated by
ally required for the folding of many proteins whereas standard methods. UAS-wg and UAS-flu-arm have been described
(Zecca et al., 1996). All other stocks are described in FlyBase andothers are required to assist in the folding of a very
are available from the Bloomington Stock Center.specific subset of proteins (Ellgaard et al., 1999). NinaA,
Clones of homozygous boca1 cells were generated by cross-for example, is critical for the trafficking of the major
ing flies;FRT2R-G13 boca1 flies to FRT2R-G13, Ubi-GFP.nls or f 36a;FRT2R-G13,
rhodopsin (Rh1) in flies, but is not required for the matu- P[f]/CyO in the presence of a hsFLP transgene. The resulting larvae
ration of other G protein coupled receptors (Baker et were heat-shocked for one hour at 37C at 24–48 hr after egg laying.
al., 1994). In the future, it will be interesting to determine boca1 homozygous tissue was identified by the lack of nuclear GFP
expression in imaginal discs or by the presence of forked bristleswhich of the features shared among LDLR family mem-
and tricomes in adult males.bers make their trafficking through the secretory path-
Clones of boca1 homozygous cells that also express UAS-wg orway dependent upon Boca. Other questions raised by
UAS-flu-arm were generated using MARCM (Lee and Luo, 1999).
our results are whether other classes of cell surface Females of the genotype y, w, flp122;FRT2R-G13, boca1/CyO; UAS-wg
receptors have dedicated chaperones and how Boca or UAS-flu-arm/TM2 were crossed to w;FRT2R-G13, pi-Myc, tubulin-
interfaces with the more generally acting ER chaper- Gal80; tubulin-Gal4/TM2 males and the larvae were heat-shocked
as above. Homozygous boca1 tissue was identified by the overex-ones. Finally, although Boca appears to be present in
pression of Wg or flu-arm.all cells, our results raise the possibility that its regulation
To analyze embryos that lack the maternal contribution of boca,could be a way to modulate LDLR activity.
we generated germline clones using the ovoD1 system (Chou et al.,
1993). flp122/; FRT2R-G13, boca1/FRT2R-G13, P[ovoD1] flies were heat-
Mammalian boca Homologs shocked for one hour during third instar. In the hatched females,
only boca1 homozygous germ cells generate mature eggs.A large number of mutations in the human LDL receptor
To rescue boca1 lethality, we generated a UAS-boca, actin-Gal4have been described that result in hypercholesterolemia
recombinant third chromosome, which drives ubiquitous boca ex-(Brown and Goldstein, 1986). In addition to LDL receptor
pression. Flies carrying this chromosome appear normal. FRT2R-G13,
mutations, alterations in an unlinked gene that is re- boca1/CyO; UAS-boca, actin-Gal4/TM2 were generated and non
quired for LDL receptor function can also result in hyper- CyO flies were recovered and were normal except that the females
cholesterolemia (Garcia et al., 2001). The human boca were sterile, perhaps because the promoter in pUAST is poorly
active in the female germline and during early embryogenesis (Rorth,homolog maps to chromosome 15q25-q26, a region that
1998). Although sterile, these females lay some fertilized eggs. Thehas been linked to hypercholesterolemia in some fami-
majority of these embryos fail to complete embryogenesis but thoselies (Ciccarese et al., 2000). Although this linkage has
that do have a lawn of denticles phenotype.
been disputed by others (Garcia et al., 2001), our results
raise the possibility that altered versions of the human Constructs and Sequencing
boca homolog could also contribute to hypercholester- For the UAS-boca transgene, a 645 bp fragment from bp 2 to 648 of
boca cDNA SD08653 was cloned into pUAST (Brand and Perrimon,olemia in some genetically predisposed families. In the
1993). For the UAS-boca-RNAi transgene, a 573 bp fragment con-mouse, the boca homolog corresponds to one of two
taining most of boca cDNA was cloned as an inverted repeat intogenes that are deleted in the lethal mutation; mesoderm
pUAST. A 22 bp linker region was inserted between the two repeats.development (mesd) (Holdener et al., 1994; Wines et al.,
To express Arr, Fz2, and hLDLR proteins in S2 cells, the cor-
2001) and additional studies demonstrate that the boca responding full-length coding regions were cloned into pAc5.1
ortholog in the mouse is mesd (Hsieh et al., 2003 [this (Invitrogen). For LpR2 (GH26833), a stop codon was introduced
following the transmembrane domain to delete the cytoplasmic en-issue of Cell]). Interestingly, homozygous mesd mice
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docytosis signal, NPXY. Three copies of the hemagglutinin (flu) tag Biotinylation of Cell Surface Proteins
WT and boca dsRNA treated (boca) S2 cells were transfected with(YPYDVPDYA) were fused in frame to the C termini for all four of
these proteins. The UAS-Arr-flu transgene contains the same insert Arr-flu or Fz2-flu expression plasmids. After a 24 hr recovery period,
cells were harvested and washed four times with ice cold Dulbecco’sas pAc5.1-Arr-flu, but cloned into pUAST. All constructs requiring
PCR amplification were confirmed by sequencing. PBS with calcium and magnesium (D-PBS). Cells were resuspended
at 4  106 cells/ml and incubated with freshly dissolved 1.2 mg/mlTo identify the mutation in l(2)43Ea, we prepared genomic DNA
from single homozygous l(2)43Ea embryos. A 950 bp genomic frag- EZ-link Sulfo-NHS-SS-biotin (Pierce) in D-PBS 1 hr at 4C. The cross-
linking reagent was replenished every 20 min. Afterward, the sulfo-ment comprising the boca coding region was PCR amplified and
two independent products were sequenced. We identified two dif- NHS-SS-biotin was quenched with NH4Cl and cells were washed
four times with cold D-PBS. Cell lysates were prepared and incu-ferences between the boca coding sequence in l(2)43Ea DNA and
wild-type. One is a conservative polymorphism that is also present in bated overnight with immobilized streptavidin agarose beads
(Pierce). After washing the streptavidin beads with lysis buffer, totalthe parental mutagenized stock. The second base pair substitution
changes the codon TGG, coding for Trp49, to AGG, which codes extract and fractions that were bound or not bound to the streptavi-
din beads were analyzed by immunoblotting using an anti-flu anti-for Arg.
body. To increase the detection of the cell surface fractions, four
times more of the biotinylated fractions (in both the WT and bocaSequence Analysis
preparations) were loaded in the gel shown in Figure 5 comparedThe protein sequences used for the ClustalW analysis (Thompson
to the amounts of input and unbound fractions.et al., 1994) were: D. melanogaster, predicted from the genome; A.
gambiae, predicted gene agCG50641, except that the first 12 amino
PAGE and Western Blot Analysisacids before the first Met were not included; human and mouse,
S2 cells or dissected stage 10 egg chambers were directly lysed inMESDC2 genes (AAH09210 and AAG33621, respectively); C. ele-
SDS loading buffer with or without DTT (reducing and non-reducinggans, the predicted gene F09E5.17; C. briggsae, using Blast (NCBI)
conditions, respectively) and boiled for 2 min before PAGE. Proteinswe identified a region in the genome of C. briggsae with homology
were transferred to PVDF membranes and incubated over night withto boca. Using this genomic DNA, the gene was predicted using
anti-HA (1:5000), anti-Yl (1:4000), or anti-boca (1:5000). As a loadingGeneBuilder (http://www.itba.mi.cnr.it/webgene) (Milanesi et al.,
control, total proteins transferred to the membrane were stained1999). The signal peptide and the cleavage sites were predicted
with GelCode blue (Pierce).using SignalP V2.0 (http://www.cbs.dtu.dk/services/SignalP) (Niel-
sen et al., 1997).
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